This work examines whether stepwise discriminant function analysis of a suite of craniodental variables enables feeding behaviour and habitat preferences to be identi®ed in fossil ungulates. There are several morphological features of the ungulate skull, mandible and dentition that are well correlated with dietary adaptations, and thus can be used for estimating the feeding ecology of extinct taxa. However, most studies have followed an univariate approach for characterizing the relationship between diet and craniodental structure in extant ungulates (but see Pe Ârez-Barberia & Gordon, 2001) , even though such a relationship has been revealed to be complex because of functional, phylogenetic and biomechanical constraints. In this paper a multivariate perspective is followed, developing quadratic discriminant functions for pairwise comparisons of dietary/habitat groups in modern species. Given that the stepwise method for selecting the morphological variables to be included in the algorithms was used, alternative discriminant functions are provided. Results obtained show that these algorithms reclassify correctly the species according to their feeding and habitat ecology, and thus may be useful for obtaining reliable palaeoautecological inferences (i.e. those related to the life style of extinct species, such as feeding ecology and habitat preferences) when applied to extinct ungulate taxa.
INTRODUCTION
The relationship between ungulate diet and craniodental morphology has been studied intensively in the past few decades (Gordon & Illius, 1988; Solounias & DawsonSaunders, 1988; Solounias, Teaford & Walker, 1988; Solounias & Moelleken, 1993; Janis, 1995; Solounias, Moelleken & Plavcan, 1995; MacFadden, 2000; Pe Ârez-Barberia & Gordon, 2001; Williams & Kay, 2001) , in an attempt to discriminate between grazers, mixed feeders, and browsers. These feeding categories are related to the proportion of grass ingested: in this article grazers are de®ned as species in which grass represents > 75% of diet, browsers include ungulates consuming < 25% of grass, and those species taking between 25% and 75% of grass are considered as mixed-feeders. Many of these studies have shown that reliable palaeoautecological inferences on feeding preferences of extinct ungulates can be obtained through comparative analysis of their craniodental architecture, using ecomorphological comparisons with living species of known diet. For example, the hypsodonty index or relative tooth crown height (HI, estimated dividing unworn molar tooth height by molar width) has been shown to be a useful indicator of feeding behaviour in herbivores, with ungulates that feed upon abrasive grasses with high silicophytolith contents having higher hypsodonty values than leafeating browsers (Janis, 1988; Solounias & DawsonSaunders, 1988) . Table 1 lists other important craniodental features that are also indicative of feeding habits in ungulates.
Although the hypsodonty index is probably the best single variable for predicting diet in both extant and extinct ungulates (see also Pe Ârez-Barberia & Gordon, 2001) , molar crown height does not always seem to be a good indicator of feeding habits. For example, most grazing and mixed-feeding ungulates have hypsodont teeth, but the hippo Hippopotamus amphibius has brachydont (i.e. short-crowned) teeth (HI < 1.4), and the rock hyrax Procavia capensis has a hypsodonty index of only 1.69. However, both hippos and hyraxes have relatively low metabolic rates, and consume less food per day than would be expected for an animal of their body size (Novak, 1999) . This means that they would not need to have teeth that were so highlycrowned (as the total amount of wear on the teeth would correspondingly be less). In addition, hippos are fresh grass grazers, feeding in or near water habitats on grasses that are less abrasive as a result of being frequently immersed in water, which removes dust and grit. Similarly, Janis (1988) showed that the pronghorn Antilocapra americana, which consumes both grass and browse material, has higher molar crowns than some ungulates that eat exclusively abrasive dry grasses (e.g. the sable antelope Hippotragus niger and the white rhino Ceratotherium simum). Higher molar crowns in the pronghorn could be because this species lives in deserts and open grasslands where dust could be a factor. There is also a phylogenetic effect, since not all exclusive grasseaters are similar in their degree of hypsodonty (Janis, 1988; Williams & Kay, 2001) : for example, the grazing warthog Phacochoerus aethiopicus has higher molar crowns than other more omnivorous or browsing suids but lower crowns than grazing bovids of the tribe Alcelaphini.
There are several extinct taxa, such as some camelids and one giraf®d, for which the claim has been made that they were grazers with brachydont teeth. Modern llamas are mixed-feeders which take > 50% grass and have hypsodont teeth (HI~4; Janis, 1988) . A biogeochemical study of stable carbon isotopes from tooth enamel (MacFadden & Shockey, 1997) has revealed that the llamas Lama angustimaxilla and Vicugna provicugna from middle Pleistocene deposits at Tarija (Bolivia) fed predominantly on C4 plants (i.e. herbaceous, aridadapted grasses and warm/dry herbs that follow the C4-dicarboxylic acid photosynthetic pathway), which is interpreted as indicative of grazing habits. These species show, however, remarkably low values of hypsodonty (HI < 1 in both animals), similar to those of browsing ungulates from that palaeocommunity that fed on C3 plants (i.e. all trees and temperate grasses, which ®x atmospheric CO 2 directly through the reductive pentose phosphate pathway), such as llama Palaeolama weddeli, cervid Hippocamelus sp., peccary Tayassu sp., and tapir Tapirus tarijensis. Note, however, that cacti and some other succulent dry habitat plants use the crassulacean acid metabolism (CAM) photosynthetic cycle, which could also show up as a C4 indicator in the tooth enamel.
The Miocene ruminant Samotherium boissieri is supposed to have been the only non-browsing giraf®d according to patterns of tooth microwear and premaxillary shape (Solounias, Teaford et al., 1988) , which are indicative of an abrasive diet on grasses. However, it possesses low-crowned teeth, similar to those of modern giraffe and okapi. Conversely, it has been suggested that some extinct horses with hypsodont or at least mesodont teeth (e.g. Astrohippus stockii and Dinohippus mexicanus, HI = 3.1 and 2.3, respectively), of late Hemphillian age (~5 Ma) from Florida were principally mixed-feeders or C3 browsers according to their tooth microwear data and enamel isotopic signature, respectively (MacFadden & Shockey, 1997; MacFadden, 1998 MacFadden, , 2000 MacFadden, Soulinas & Cerling, 1999) . Similarly, hipparionine horses from the Old World were not exclusively grazers as are modern equids, but rather showed a mosaic of dietary preferences as suggested by comparative analysis of tooth microwear scratches in browsing and grazing perissodactyls (Solounias, Teaford et al., 1988; Hayek et al., 1992) .
It must be remembered that the actual diets of these extinct ungulates are unknown. One cannot unequivocally claim, for example, that Samotherium was a wF wendoz et lF 224 Table 1 . Craniodental features which allow discrimination between leaf-eating, dicot feeders and grazers. Sources: Fortelius (1985) , Gordon & Ilius (1988) , Janis (1988 Janis ( , 1990a Janis ( , 1995 , Solounias & Dawson-Saunders (1988) , Solounias, Teaford et al. (1988) , Solounias & Moelleken (1993) , Spencer (1995 Spencer ( , 1997 , MacFadden & Shockey (1997) , MacFadden (2000) , Palmqvist et al. (2002) , Pe Ârez-Barberã Âa & Gordon (2001) , Williams & Kay (2001) Craniodental brachydont grazer: the best claim that can be made is that there are contradictions in the various craniodental signi®ers of diet, rendering the interpretation of the ecology of the animal problematical. With regards to dental microwear, the enamel scratches and pits have been shown to change very rapidly over the life of an individual (Solounias, Fortelius & Freeman, 1994) . A mixed feeder might well be interpreted as a grazer, if it died at the end of a season when grass was a predominant portion of its diet. These examples do, however, indicate that the hypsodonty index does not unequivocally predict the feeding ecology of ungulates, and other morphological features of the skull, mandible and dentition should also be taken into account. Another example of a cranial feature well-correlated with grazing is the presence of a masseteric prominence (Solounias, Moelleken et al., 1995) , since the masseter super®cialis muscle leaves a strong prominence above the ®rst upper molar (M 1 ) in grazers but not in browsers. Similarly, the position of the orbit is correlated with dietary preferences: the orbit is positioned above the second upper molar (M 2 ) in browsers, but because of the enlarged maxilla of grazers, the orbit tends to move posteriorly in grazing ungulates, starting above the third molar (M 3 ) or even further back (Radinsky, 1985; MacFadden & Shockey, 1997) . The depth and breadth of the mandibular corpus are also diagnostic features: both are larger in grazers because of the presence of high-crowned molars and the need of a greater surface for the insertion of the masseter super®cialis. Finally, muzzle shape is a good indicator of the speci®c adaptations related to the`cropping mechanism', which includes the shape of the premaxilla and corresponding mandibular symphysial region as well as the relative proportions of the incisor teeth (Gordon & Ilius, 1988; Janis & Ehrhardt, 1988; Solounias, Teaford et al., 1988; Solounias & Moelleken, 1993; MacFadden & Shockey, 1997) . Browsing ungulates usually have narrow muzzles (i.e. low values of premaxillary width) containing a rounded incisor arcade, with the ®rst incisor generally larger than the third, while grazing ungulates have broader muzzles with transversely straight incisor arcades, showing equal or sub-equal sized teeth (but see Pe Ârez-Barberia & Gordon, 2001 , who show that signi®cant differences could not be found after controlling for phylogenetic effects).
Although the above are general morphological patterns found among extant ungulates, there are some second-order differences of craniodental morphology related to phylogenetic constraints: for example, horses have relatively more narrow muzzles than grazing ruminants of similar body size (Janis & Ehrhart, 1988; MacFadden & Shockey, 1997) , and they also have a relatively deeper angle of the mandible (Janis, 1990a) . Furthermore, different ungulate groups have adopted different solutions when faced with the same ecological specializations. For example, grazing species that feed on non-succulent, abrasive grasses require a comparatively greater grinding area of cheek teeth than browsing ungulates consuming leaves and fruits. An obvious way to achieve this is by enlarging the size of the premolar tooth row, formed by the second, third and fourth lower premolars (P 2 ±P 4 ), which in low-crowned, browsing and mixed-feeding perissodactyls (e.g. tapir, black and onehorned rhinos) is comparatively shorter than the molar tooth row, formed by the ®rst, second and third lower molars (M 1 ±M 3 ). Thus, in these species the mesiodistal length of P 2 ±P 4 represents~75% of the corresponding measurement for M 1 ±M 3 , but grazing perissodactyls have lower premolar and molar cheek teeth of nearly the same length, as can be seen in the white rhino, or even have a premolar row that is longer than the molar row, as in horses. However, ruminant artiodactyls show an opposite trend in the size of the premolar tooth row, since grass-eating species show comparatively shorter premolar tooth rows than browsers (premolars~45% of the molar tooth row, vs~70%). This indicates that perissodactyls emphasized the development of premolars in the evolution of adaptations for grazing, these teeth being progressively enlarged for increasing the total chewing area. In contrast, the molar teeth were further developed during the evolution of grazing ruminants and camelids, with the elongation of the third molar, and the premolar row was correspondingly reduced (Janis, 1988 (Janis, , 1990a Solounias & DawsonSaunders, 1988) . This difference is probably the result of differences in the way food is orally processed in foregut and hindgut fermenters (Janis & Constable, 1993) .
There are also differences in the postcranial morphology of ungulates from different habitats that help to determine niche occupation and resource partitioning. Differences can be seen between species from closed habitats and open, unforested environments, as well as between those that select vegetation at low or high levels above the ground. Such anatomical differences are correlated in part with diet, since the species from closed environments are usually browsers and open-habitat inhabitants are predominantly grazers, although all types of feeders are found in open habitats. These morphological features include the degree of development of neural spines in the thoracic vertebrae (Spencer, 1995) , the relative proportions between forelimb and hindlimb bones (e.g. metacarpal and metatarsal length divided by radius and tibia length, respectively; Scott, 1985) , and the morphology of the femur (e.g. femoral head shape and cross-sectional functional properties of the diaphysis; Kappelman et al., 1997) .
The studies referred to above suggest that the discrimination of feeding habits in ungulates is a rather dif®cult task, due to functional, historical and biomechanical constraints. Firstly, adaptation to a given trophic niche involves a complex pattern of covariation between many morphological characters of the skull and the mandible (see Table 1 ). Secondly, different phylogenetic groups, each constrained by their own evolutionary history, have developed convergent adaptations to exploit the same plant resources departing from different ecological and anatomical situations (e.g. grazing perissodactyls and artiodactyls, see above).
Finally, there are also biomechanical constraints related to biomaterials and development: several extinct mammals from South America such as notoungulates (e.g. Toxodon) and some xenarthrans (e.g. groundsloths and glyptodonts) had hypselodont (i.e. evergrowing) teeth. Further, in xenarthrans the teeth lacked enamel, being composed of osteodentine, a biomaterial which has different structural properties.
The main objective of this article is to identify, with the help of multivariate statistics, those complex patterns in the craniodental structure of modern ungulates that correlate well with each dietary type. These correlations would then enable the determination of the diet of extinct taxa. Additionally, the discriminant functions also help to more precisely characterize the craniodental patterns related to feeding adaptations such as browsing or grazing, because a mathematical representation of these patterns can be obtained if the corresponding algorithm is set to de®ne the location of the centroid of each group in the discriminant function.
Most researchers have focused on evaluating the morphological differences between feeding types in ungulates using univariate and bivariate approaches, such as t-tests for differences of means and regressions of metric characters on body mass (e.g. Janis, 1988 Janis, , 1990a , although there have been some attempts at developing a multidimensional approach (e.g. Janis, 1995; Spencer, 1995 Spencer, , 1997 Pe Ârez-Barberia & Gordon, 2001) . Janis (1995) showed that it is often possible to discriminate between grazers, mixed-feeders and browsers using only three morphological ratios, the hypsodonty index, the muzzle/palatal width ratio, and the relative length of the lower premolar tooth row. However, a discriminant analysis with variables previously selected from their predictive power in univariate or bivariate analyses (e.g. the hypsodonty index) does not take full advantage of the possibilities of this methodology for obtaining the most successful combination of variables for discriminating among the feeding groups compared (see below). In addition, although ratios of characters have a long tradition in vertebrate palaeontology (e.g. Simpson's ratio diagrams), their use in morphometric studies is strongly discouraged by many authors (see review and references in Palmqvist, Arribas et al., 1999) , because ratios are seldom normally distributed and tend to produce outliers. Additionally, as generally used, ratios contain only two characters, and thus afford a poor appreciation of shape differences; that is, to compound two characters into a ratio implies that there is only one contrast of form to be studied, and that this unique contrast is well assessed in terms of two characters of equal weights, but opposite in sign (Reyment, Blackith & Campbell, 1984) . Finally, ratios may not be constant for organisms of the same species unless they are also of the same size, due to the effects of allometric growth. However, it is worth mentioning that the hypsodonty ratio used by Janis (1988) was size adjusted, since all molar dimensions scale isometrically and are well-correlated with body mass, showing similar slopes in the least-squares regression lines (Janis, 1990b) . Thus, these ratios are very different from most other ratios used in comparative morphological studies, such as intermembranal limb lengths.
We use here the statistical technique of discriminant analysis but following a different approach from that of Janis (1995) , since each morphological variable is considered a priori as potentially useful for discriminating between the ungulate groups compared. In this way, the best combination of variables in the data set of ungulate species and craniodental measurements is selected for each discriminant function using a stepwise procedure.
MATERIAL AND METHODS
We used discriminant analysis for the following reason. In many instances 2 groups of samples (e.g. 2 clusters of species) may be characterized by a set of morphological measurements that are clearly different, as in the theoretical case depicted in Fig. 1 , but their overall differences are not achieved by any single measurement (i.e. the range of values for each group in any morphological variable shows a considerable overlap with that of the other group and each measurement does not allow discrimination on its own). Instead, the discrimination between both groups usually implies a given relationship among the variables. If the differences involve only 2 variables, as in the situation shown in Fig. 1 , a single ratio often makes it possible to discriminate between the groups compared. However, the morphological differences between 2 or more groups usually rely on the relationship among a larger set of measurements. In such cases each group may be characterized by a rather complex morphological pattern, which corresponds to a region of the theoretical morphospace de®ned by the variables that can not be easily represented over a bi-dimensional surface. Discriminant analysis helps to identify these patterns, since it provides mathematical algorithms (i.e. the discriminant functions) that are those linear combination of variables which better distinguish the differences between the multivariate means or centroids of the groups compared in the multidimensional shape space (Reyment et al., 1984; Davis, 1986) .
Discriminant analysis has usually been applied following the direct method, which implies that all the variables considered in the study enter in the discriminant function. However, some of the variables can be irrelevant for the patterns that characterize the groups compared, and their inclusion in the discriminant function may then obscure the interpretation of the results obtained. Moreover, discriminant analysis also increases the probability of obtaining a discrimination based on the particular features of the samples compared, instead of those general properties that characterize each group; this is specially true if the sample size is not large enough and the groups are not heterogeneous in composition.
In contrast, the stepwise method allows the establishment of a criterion for selection of those variables that will be included in the discriminant function (e.g. the Mahalanobis distance between the group centroids or the value of the Wilks' lambda coef®cient; see Davis, 1986) . Following this methodology, the ®rst variable included in the function is the 1 that has the largest acceptable value for the selection criterion; once this variable has entered, the value of the criterion is reevaluated for all variables not in the function, and the variable with the largest acceptable criterion value is entered next. After each new inclusion, all the variables already included in the function are re-evaluated using a removal criterion, for example, a threshold Mahalanobis distance. Variables not meeting the criterion are removed from the function. Variable selection terminates when no more variables meet entry or removal criteria.
This methodology offers an interesting possibility for selecting the ®nal set of variables that will compose the discriminant function: if a series of successive analyses are performed, increasing the value of the selection criterion each time, different algorithms are then obtained involving a progressively smaller but more signi®cant number of variables. Each of these algorithms can be evaluated taking into account the percentage of correct reclassi®cations obtained using the discriminant function with the groups compared, and the total number of variables that it includes. In this way, the algorithms most ef®cient for discriminating between groups (i.e. those that provide a higher percentage of correct reclassi®cations) and involving a smaller set of variables (thus easier to interpret and measure in new samples) or those variables more easily available in the samples in which the algorithms will be applied (e.g. in fossil specimens) can be selected.
Feeding types
Canonical discriminant analysis was based on 115 species of ungulates, including representatives of all living genera. These species were classi®ed into the following habitat/dietary categories and subcategories:
(1) Omnivores (Omn): species whose food is mainly composed of non-®brous vegetal matter, mushrooms and animal tissues (N = 5 species).
(2) Herbivores: species feeding exclusively on vegetal matter (N = 110).
(a) Species from open habitats (N = 58): General grazers (GGr), feeding mainly on grasses; this category includes those species in which > 75% grass is consumed throughout the year (N = 21).
Fresh-grass grazers (FGr), feeding predominantly on fresh-grass in near-water environments, which represents > 75% of the diet (N = 7).
Mixed-feeders from open habitats (OMf ), including those species in which plant resources comprise both grass and leaves, with grass consumption between 25% and 75% of the diet (N = 30).
(b) Species from closed habitats (N = 52): Browsers (Br), those species whose food is mainly composed by leaves, with grass representing < 25% of the diet (N = 24). This trophic category is further subdivided into: general browsers (GBr), feeding at any level above the ground (N = 19); high-level browsers (HBr), feeding from trees and bushes at high levels above the ground (N = 5).
Frugivores (Frg), whose food is mainly composed by fruits (> 50% of the diet) and other non-®brous soft matters (N = 8).
Mixed feeders from closed habitats (CMf ), including those species in which grass consumption throughout the year ranges from 25% to 75% (N = 20).
The feeding categories listed above are those considered relevant in most studies on dietary preferences of ungulates (Janis, 1995; Gagnon & Chew, 2000) . However, the boundaries between feeding groups in the percentage of grass consumed used here are somewhat different, since most authors consider browsing species as consuming < 10% grass and grazers as those in which grass represents > 90% of the diet, following Hofmann & Stewart (1972) . In this paper the boundaries have been established as < 25% and > 75%, respectively, because we consider that they more accurately re¯ect resource partitioning among herbivores, according to a recent synthesis on diet information for extant African Bovidae based on an extensive survey of the literature (Gagnon & Chew, 2000;  Table 3 ). Open and closed habitats refer to the degree of tree coverage (closed habitats include forests, closed woodlands and woodlands; bushlands, grasslands and shrublands are clustered in the open habitat category). Such habitat 227 Ecomorphological characterization of ungulate diet Although each axis shows a considerable overlap between both trophic groups, it is possible to discriminate between them using a new, oblique axis (i.e. the discriminant function) de®ned as a linear combination of variables X and Y:
divisions, as used by Janis (1988) , do not correspond strictly to feeding categories, because although most browsing species live in forests and most grazers inhabit unforested regions, there are some exceptions (e.g. Pelea capreolus, a browser which dwells mainly in open habitats). However, the majority of the browsing and grazing species are found in closed and open habitats, respectively, and this division can thus be considered broadly as an appropriate approximation for feeding ecology in ungulates.
Craniodental variables and statistical analyses
Twenty-three measurements of the skull, mandible and teeth ( Fig. 2 , Table 2 ) were used as variables in the statistical analyses. The squared values of these variables were also used, in order to obtain quadratic discriminant functions. These algorithms allow the relationships between variables to be de®ned more precisely. For example, a given morphological trait might be positively correlated with body size in small species, but negatively in large ones. The inclusion of both the raw variable in the discriminant function (with a positive coef®cient) and also the squared variable (with a negative coef®cient) would allow the description of such a non-linear trend. Canonical discriminant functions were obtained from 2 different data sets. The ®rst was composed of 115 ungulate species and 22 craniodental measurements (see Appendix). This data set included all variables listed in Table 2 Third lower molar length, measured at the occlusal surface as the maximum labial excursion of the tooth HM 3 Third lower molar height, measured from the base of the crown to the tip of the protoconid WM 3 Third lower molar width, measured at the occlusal surface of the tooth, between the outer surfaces of the protoconid and the entoconid LM 12 Sum of lengths of ®rst and second lower molars, measured at the occlusal surface of each tooth LMRL Lower molar tooth row length, measured along the base of the teeth JLB Anterior jaw length, measured from the base of the third incisor to the ®rst premolar JMA Posterior jaw length, measured as the horizontal distance from the back of the jaw condyle to the posterior border of the third molar JMB Depth of mandibular angle, measured from the top of the condyle to the deepest point of the mandibular angle JMC Maximum width of the mandibular angle, measured from the junction of the posterior third molar with the jaw to the maximally distant point on the angle of the jaw JD Length of the coronoid process, measured as the vertical distance from the top, to the bottom, between the condyle and the tip of the process SA Length of the masseteric fossae, measured from the posterior portion of the jaw glenoid to the most anterior extent of the scar for the origin of the masseter muscle SB Occipital height, measured from the base of the foramen magnum to the top of the occipital region SC Length of the posterior portion of the skull, measured from the occipital condyles to the posterior border of the last molar SD Depth of the face under the orbit, measured from the boundary between premolar and molar tooth rows until the nearest point of the orbit SE Length of the paraoccipital process, measured from the upper limit of the occipital condyles to the extreme tip of the paraoccipital process MZW Muzzle width, measured at the outer junction of the boundary between the maxilla and premaxilla PAW Palatal width, measured as the distance between upper second molars at the level of the protocones BL Basicranial length, measured from the base of the foramen magnum to the point in the basicranium where a change in angulation occurs between the basicranium and the palate CA Basicranial angle, measured as the angle between the basioccipital bone and the palate IWA Width of the ®rst lower incisor IWB Width of the second lower incisor TTV Total molar tooth volume, calculated multiplying the average occlusal surface area estimated for each permanent tooth by its unworn height; the values for each tooth in one side of the lower jaw were summed is contained in the sum of 2 variables, ®rst and second lower molars length (LM 12 ) and third molar length (LM 3 ). The second set was a matrix with 134 species and 16 craniodental measurements. This included all the variables used in the ®rst data set except those measured at the ®rst and second lower incisors (IWA and IWB, respectively), at the third lower molar (i.e. LM 3 , HM 3 , and WM 3 ), and the total molar tooth volume (TTV), as these variables were not available for 19 of the ungulate species. LMRL was used as a new variable in this data set and LM 12 was discarded, given that it is contained within LMRL. The squared values of craniodental measurements were also used as variables in the discriminant analyses based on both data sets. Discriminant functions were obtained using the stepwise method based on maximizing the Mahalanobis distance between the groups compared. Figure 3 shows the sequence of comparison of paired dietary/habitat groups followed to characterize craniodental patterns related to feeding behaviour in ungulates. The data set used in this study was collected during the last decades by CMJ and has been published in part in previous studies (e.g. Janis, 1988) .
RESULTS AND DISCUSSION
Quadratic discriminant functions for each pair of groups compared are provided in Table 3 , which also includes the following values: the eigenvalue, the canonical correlation, the Wilks' lambda statistic, the w 2 -value of each function with the statistical level of signi®cance, the values for the centroids of both groups in the discriminant function, and the Mahalanobis distance between the centroids.
The eigenvalue is the ratio of the between-groups to within-groups sums of squares; thus, large eigenvalues are associated with good functions. For the two-groups case, the Wilks' lambda is the ratio of the within-groups sum of squares to the total sum of squares; a lambda of 1 occurs when group means are equal, and values close to 0 indicate that within-groups variability is small compared to total variability (i.e. when most of the total variability is attributable to differences between the group centroids). Thus, the Wilks' statistic measures the proportion of the total variance in the discriminant scores not explained by differences between groups. Similarly, the canonical correlation is a measure of the degree of association between the discriminant scores obtained by the species and those of the means for the groups compared. The statistical level of signi®cance for the Wilks' lambda is checked transforming it to a variable that has approximately a w 2 -distribution. It is important to note that even though Wilks' lambda may be statistically signi®cant, it provides little information about the effectiveness of the discriminant function in classi®cation, since small differences may be statistically signi®cant but still may not permit good discrimination among the groups. Thus, this value must be assessed by comparing the percentage of correct reclassi®cations obtained with the expected misclassi®cation rate (i.e. that expected by chance alone, 50% in the two-groups case).
Quadratic discriminant functions portrayed in Table 3 include the unstandardized discriminant function coef®cients, which are the multipliers of the variables when they are expressed in the original units of measurement. The interpretation of the coef®cients, in terms of the contribution of each variable to the discrimination process, is always dif®cult to assess. This is because the variables are usually correlated, so the value of the coef®cient for a particular variable depends on the other variables included in the function. However, it is tempting to interpret the magnitudes of the unstandardized coef®cients as indicators of the relative importance of variables when they do not differ in the units in which they are measured, as is the case here. In other situations, the standardized coef®-cients must be evaluated. Finally, the signs of the coef®cients inform about the relationship among the variables within the discriminant function (i.e. those variables with a positive sign are positively correlated among them, and negatively with those of negative sign). Herbivores vs omnivores Most ungulates are herbivores, and only ®ve out of 115 species used in this study have an omnivorous diet. The group centroids in the discriminant function between herbivores and omnivores (algorithm 1.1, Table 3 ) are placed far apart from each other, with a highly signi®-cant Mahalanobis distance. This function reclassi®es correctly all species within each trophic group, showing no overlap between both distributions (Fig. 4a) . According to the magnitude and sign of the unstandardized coef®cients of the variables included in the discriminant function, omnivorous species are characterized by comparatively higher values of lower premolar tooth row length (LPRL), and of the third lower molar width (WM 3 ) in relation to palatal width (PAW), than those seen in herbivores.
The ®ve omnivorous species belong to two closely related families, Suidae (two spp.) and Tayasuidae (three spp.). It could be argued that the result of the discrimination between omnivores and herbivores is due to taxonomic features unrelated to feeding adaptations. However, the suids analysed in this study also include a grazer (the warthog Phacochoerus aethiopicus) and a browser (the Celebes pig Babyrousa babyrussa). Both species are reclassi®ed as herbivores. Thus, the good discrimination obtained (100% of correct reclassi®cations) suggests that the quadratic discriminant function is a successful combination of craniodental features for discriminating between omnivores and herbivores across phylogenetic boundaries, although admittedly the sample size of omnivorous species used here is small. Algorithm 1.1 involves eight variables. If the selection criterion required for the variables to be included in the function is slightly increased, all of them are excluded simultaneously. This implies that the overall morphological difference between both groups rests on this particular combination of morphological variables rather than on each variable on its own.
Open vs closed habitat species
Discriminant analysis was also used to evaluate differences in craniodental design between ungulates from open and closed habitats. This habitat division corresponds roughly to a feeding division, since each group includes particular feeding types (see above). It is worth mentioning here that Janis (1988) found signi®cant differences (P < 0.001) in a pairwise comparison of the residuals of both groups around the regression line of body mass on third lower molar height (variables logtransformed).
Algorithm 2.1 (Table 3) (Gagnon & Chew, 2000) , a proportion close to 25% (i.e. that needed to be classi®ed as browser). Moreover, this species dwells in dense bushland areas (Novak, 1999) and is placed by the discriminant function in a middle position between the group centroids for species from open and closed habitats. Thus, the misclassi®cation of this species as a closed habitat dweller cannot be considered as a serious error. Pelea capreolus is the only browsing species in the database that dwells in open habitats; however, given its feeding behaviour, it was included with all browser species within the closed habitat group. Nevertheless, algorithm 2.1 reclassi®es it as an inhabitant of unforested environments, which indicates that this discriminant function gives more weight to the morphological features that characterize P. capreolus as an open habitat dweller than to those involved in its feeding adaptations. The pampas deer, however, is different. This cervid lives in open lowland and grassland habitats throughout South America and may be considered as a mixed-feeder, but it is reclassi®ed by algorithms 2.1, 2.2 and 2.3 as a closed habitat species (i.e. as a browser or mixed-feeder from forested habitats). According to these algorithms, the Pampas deer shows a craniodental structure adapted to browsing habits or to a diet of A problem with including cervids in this type of analysis is that 19 out of 22 cervids used in this study live in closed habitats feeding as browsers or mixedfeeders, and only the mixed feeding O. bezoarticus, the fresh-grass grazer E. davidianus and the frugivore Mazama americana (the brocket) have different feeding habits. These are the taxa that are misclassi®ed by the discriminant functions. Note, however, that all grazing deer have at least a moderately high hypsodonty index (> 2.0) (Janis, 1988) . Algorithm 2.2 (Table 3) involves 16 craniodental variables and reclassi®es correctly 98% (108/110) of species (Fig. 4a,b) . The two misclassi®ed species are again O. bezoarticus and E. davidianus. According to the magnitude and sign of the unstandardized coef®-cients of the variables included in the discriminant function, open habitat species show comparatively higher values of length of the coronoid process (JD) in relation to both palatal width (PAW) and third lower molar width (WM 3 ) than closed habitat species. This indicates that species from open habitats (i.e. grazers and mixed-feeders) possess a greater area for insertion of the temporalis muscle than ungulates from closed habitats (i.e. frugivores, browsers and mixedfeeders), perhaps related to the processing of more ®brous food. Algorithm 2.3 (Table 3) provides an interesting alternative discriminant function for evaluating differences in craniodental design between ungulates from open and closed habitats. This function was obtained using the stepwise procedure as described above, and involves only two variables: unworn lower third molar crown height (HM 3 ), with positive sign, and lower premolar tooth row length (LPRL), with negative one. This function correctly reclassi®es the taxa into open and closed habitat species in 88% (97/110) of cases. HM 3 has frequently been used to determine feeding adaptations, although it is usually divided by another measurement for obtaining a size-independent adjustment (e.g. Janis (1988) divided unworn third molar crown height (HM 3 ) by third molar width (WM 3 ) to obtain her hypsodonty index in ungulates). Given the negative sign of LPRL, a variable which is positively correlated with body mass, algorithm 2.3 also behaves as an index of hypsodonty, 233 Ecomorphological characterization of ungulate diet since it is equivalent to the ratio of lower third molar height on lower premolar tooth row length.
If we use the distance to the centroid (i.e. the mean of each group in the discriminant function) to reclassify the 110 species of this study, the Janis hypsodonty index (i.e. HI = HM 3 /WM 3 ) correctly assigns 87% (96/ 100) of them to their corresponding feeding/habitat type. This value is close to that obtained with algorithm 2.3, since with a single exception the same species are correctly reclassi®ed. The distance between both centroids in the Janis index is also similar, 2.10 vs 2.32 with algorithm 2.3. Thus, there is a minor improvement of the percentage of correct reclassi®cations obtained with algorithm 2.3 with respect to the hypsodonty index. However, it is important to note that, starting from 22 variables (equally weighted a priori), the stepwise discriminant analysis provides a similar relationship to that described by the hypsodonty index, which is probably the best set of two variables for discriminating between these habitat groups. In spite of this, this combination of variables does not discriminate all species correctly, because the craniodental patterns that characterize the different feeding types clustered in both groups involve more variables. However, the analysis is able to identify more complex and less evident combinations of variables, as in algorithms 2.1 and 2.2, which allow discrimination of almost all the species and more closely describe the real craniodental patterns that underlie these trophic groups. On the other hand, although these discriminant functions do not provide 100% correct reclassi®cations, there is a small overlap between the range of values covered by ungulate species from open habitats and closed habitats in the discriminant functions, while there is a great overlap between the hypsodonty values of ungulates from both habitat groups (e.g. algorithm 2.2 vs HI in Fig. 4b ).
Fresh-grass grazers vs other herbivores from open habitats
Algorithm 3.1 (Table 3) was obtained for discriminating between fresh-grass grazers and other ungulates from open habitats, which are not specialized in feeding on fresh-grass (i.e. general grazers and mixed-feeding species). This quadratic discriminant function combines 10n craniodental variables and reclassi®es correctly 97% (56/58) of species, thus providing a nearly perfect discrimination between both groups (Fig. 6a,b) . Given the values for the unstandardized coef®cients of the variables included in this algorithm, fresh-grass grazers have comparatively wider second incisors (IWB) while grazers and mixed-feeders from open habitats have a higher occiput (SB). This function also classi®es across taxonomic categories, grouping the cervid E. davidianus with the bovids in the tribe Reduncini (kob, reedbuck, etc.).
Grazers vs mixed-feeders from open habitats
A function for discriminating between general grazers and mixed-feeders from open habitats is provided by algorithm 4.1 (Table 3) , which involves 10 variables and reclassi®es correctly 98% (50/51) of cases (Fig. 6a) . Antilope cervicapra (the blackbuck), which is considered to be a grazer, is the only species misclassi®ed with this function, being identi®ed as a mixed-feeder, although in fact in this algorithm it plots out between mixed-feeders and grazers. There are no clear data on the exact percentage of grass consumed by this species, but it has been considered by Janis (1988 Janis ( , 1990a ) as a mixed feeder. As A. cervicapra is the only potentially grazing gazelle, the result obtained might be the result of phylogenetic effects. Unstandardized coef®cients for the variables in this discriminant function (Table 3) indicate that grazers possess muzzles of greater width (MZW) in relation to both palatal width (PAW) and lower molars length (LM 12 and LM 3 ) than do mixed feeders. Algorithm 4.2 involves only ®ve variables and reclassi®es correctly 94% (48/51) of species (Fig. 6b) . The discrimination is almost perfect, since A. cervicapra is the only species that is clearly clustered within the other feeding group. Inspection of the magnitude of the unstandardized coef®cients for the variables included in this discriminant function reveals that the two most contributing variables are muzzle width (MZW) and palatal width (PAW), the former with positive sign and the latter with negative one. Thus, this algorithm measures the relative width of premaxillae (i.e. premaxillary width/palatal width at molars), which is higher in grazers than in mixed-feeders and browsers (see Table 1 ).
Frugivores vs herbivores from closed habitats
The quadratic function for discriminating between frugivore species and both browsers and mixed-feeders from closed habitats (algorithm 5.1, Table 3 ) reclassi®es correctly 98% (50/51) of species (Fig. 7a) . Janis (1988) analysed differences in pairwise comparisons of different pairs of feeding groups, analysing the residuals around the regression line adjusted between the logarithms of body mass on the logarithms of three different molar measurements. Selective browsers were one of these feeding groups, which includes most of the frugivore species considered here. It is relevant to mention that this feeding group only showed signi®cant differences from grazers and mixed-feeders from open habitats, but not from species from closed habitats, either browsers or mixed-feeders (Janis, 1988) .
Mazama mazama is the species which is missclasi®ed using algorithm 5.1. As indicated above, this species is the only frugivorous cervid included in the data base used in this study. Most cervids (19 spp.) are closedhabitat browsers or mixed feeders. As indicated previously, the homogeneity of feeding habits among cervid species is probably the reason why it is dif®cult to identify those cervids with different feeding habits. As was suggested for the Pampas deer Ozotoceros, this deer has only recently (Pleistocene, < 2 Ma) adopted this mode of life, and its morphology may not yet re¯ect its behaviour. Thus, the craniodental features of cervids with frugivorous habits are probably different from those of other frugivorous ungulates, and algorithm 5.1 does not describe them.
Algorithm 5.1 includes 16 variables; when the selection criterion for the variables to be included in the discriminant function is increased, 12 variables of those previously selected are rejected, and the percentage of correct reclassi®cations decreases signi®cantly. This result suggests that the morphological pattern that differentiates between frugivores and browsers from closed habitats involves a large number of craniodental measurements, which would explain the low success rate of other researchers who tried to discriminate between these trophic groups using an univariate approach (Janis, 1988) .
Browsers vs mixed-feeders from closed habitats Algorithm 6.1 accounts for the discrimination between browsers and mixed feeders from closed habitats (Table 3 ). This function includes 10 variables and affords an almost perfect discrimination between both feeding types, since it reclassi®es correctly 98% (41/42) of ungulates (Fig. 7a,b) . The unstandardized coef®cients of the variables indicate that browsing species show a greater depth of the mandibular angle (JMB), while mixed-feeders show wider muzzles (MZW) and second lower incisors (IWB), as well as third molars of greater height (HM 3 ) and a larger basicranial angle (CA).
Tragelaphus angasi (the nyala) is the only species which is misclassi®ed by this algorithm. However, such misclassi®cation does not represent a true error, because this species consumes~30% of grass (Janis, 1992) and is thus placed near the limit (i.e. 25%) between both feeding groups. Additionally, further measurements of the molar crown height of this species suggest that the values used in this analysis were rather low. The high capability of prediction of this algorithm is evidenced by the fact that all frugivore species, in which grass constitutes < 25% of diet, are classi®ed as browsers; these species were not used to obtain the discriminant function.
If the criterion imposed to the variables in the stepwise procedure for entering within the discriminant function is increased slightly, then nine variables out of those 10 previously selected are rejected. This would explain the dif®culties of other authors for discriminating these feeding groups without using a multivariate approach.
Browsers vs high-level browsers
The quadratic discriminant function between general browsers and high-level browsers (algorithm 7.1, Table 3 ) combines six craniodental variables and reclassi®es correctly 100% of 24 cases (Fig. 7b) , thus discriminating perfectly between general leaf-eaters from those species that browse at the higher levels of vegetation (e.g. the giraffe). According to the unstandardized coef®cients of the variables in this discriminant function, general browsers have longer lower premolar tooth rows (LPRL) and wider muzzles (MZW), while high-level browsers have an enlarged coronoid process (JD) and a longer posterior portion of the skull (SC). Surprisingly, the basicranial angle (CA) is not included in algorithm 7.1, although Janis (1988) indicated that this variable was useful for discriminating between general browsers and high-level browsers; this probably implies that the morphological information of this variable is supplied by the combination of those selected in the discriminant function.
Only Janis (1988) has compared the craniodental morphology of these feeding groups. She found signi®-cant differences at P < 0.05 in a pairwise comparison of the residuals of both groups around the regression line between the logarithms of body mass and log-values of two metric variables, the height and volume of the third lower molar. A good indication of the predictive ability of algorithm 7.1 is that all frugivores and mixed-feeders that take the food at ground level, which were not used to obtain the algorithm, are classi®ed as general browsers (Fig. 7b) .
All feeding groups
Finally, discriminant analysis was also used for simultaneous comparison of all herbivores classi®ed among feeding categories. The ungulates from the data base with 115 species and 22 variables were included in one of the six following dietary groups: (1) general grazers, (2) fresh-grass grazers, (3) mixed-feeders from open habitats, (4) mixed-feeders from closed habitats, (5) browsers (including general browsers and high-level browsers), and (6) frugivores. Five quadratic discriminant functions were obtained (Table 4) which allow correct reclassi®cation in 94% (108/115) of cases. Figure 8 shows three combinations of these discriminant functions. The misclassi®ed species are those that were also misclassi®ed with the two-groups algorithms plus Blastocerus dichotomus (the marsh deer) and Sylvicapra grimmia (the common duiker). Antilope cervicapra (a grazer) is misclassi®ed as a mixed-feeder from open habitats, and T. angasi (a mixed-feeder from closed habitats) is misclassi®ed as a browser. The misclassi®ca-tion of these species is justi®ed in part, as explained above, given their intermediate position between the dietary groups considered in each case. Sylvicapra grimmia (a browser) is misclassi®ed as a frugivore and B. dichotomus (a mixed-feeder from closed habitats) as a browser. The reason of the misclassi®cation of S. grimmia may be the close relationship between this species and the other duikers included in the genus Cephalophus, all of them frugivores. Blastocerus dichotomus is a South American cervid which dwells in marshes and wet savannas with high grass, wooded islands and damp forests edges, feeding on fresh grass, wF wendoz et lF 236 reeds and numerous aquatic plants. The three other misclassi®ed species, E. davidianus (a fresh-grass grazer), O. bezoarticus (a mixed-feeder from open habitats) and M. mazama (a frugivore), are also cervids, being misclassi®ed by these discriminant functions as mixedfeeders from closed habitats. As explained before, the reason of these four misclassi®cations is probably that the craniodental adaptations of cervids involve a set of morphological characters different from that of other ungulates.
Inferences about extinct taxa
The algorithms described above were applied to three extinct North American ungulates, the equid Dinohippus leidyanus, the camelid Stenomylus hitchcocki, and the dromomerycid Aletomeryx scotti. Previous speculations on the diets of these species are as follows (see chapters in Janis, Scott & Jacobs, 1998) . Dinohippus is a late Miocene equid, closely related to modern horses. It has usually been considered to be a grazer, due to its high degree of hypsodonty, but results obtained in recent morphological and biogeochemical studies on dental microwear and carbon isotopes, respectively, have been interpreted as indicative of a browsing or mixed-feeding diet (MacFadden et al., 1999) . Stenomylus is a late Oligocene/early Miocene`gazelle camel'. It has extremely hypsodont third molars, leading some workers to consider it to be a grazer. However, it also has a very narrow muzzle, and existed before the extensive spread of grasslands in North America, thus it would more likely be a mixed-feeder. Aletomeryx belongs to the cervid-related family Dromomerycidae, whose members are usually considered to be browsers. However, Aletomeryx is more hypsodont than other species in this family. Additionally, it is the only species where horns are apparent in both sexes, which among modern ungulates is indicative of an open habitat existence, its limb proportions are also suggestive of a preference for open habitats, and its dental microwear is typically that of a mixed-feeder.
Results obtained with the discriminant functions provide inferences on the feeding behaviour of these fossil species. Dinohippus leidyanus and S. hitchcocki are unambigously classi®ed by algorithm 1.1 as herbivores (Fig. 4a) . Algorithm 2.1 identi®es them as ungulates from open habitats (i.e. as grazers or mixed-feeders inhabiting an open environment). Algorithm 2.2, which is based on a different set of variables, also classi®es them unequivocally as species from open habitats (Fig. 4a) ; note here that the hypsodonty index does not allow to determine the habitat adaptations of these species, since their intermediate values greatly overlap between species from open and closed habitats (Fig.  4b) . Algorithm 3.1 indicates that D. leidyanus and S. hitchcocki were not fresh grass-grazers (Fig. 6a, b) . Finally, algorithms 4.1 and 4.2 help to more accurately identify the trophic behaviour of these species: these discriminant functions classify D. leidyanus as a general wF wendoz et lF 238 grazer and S. hitchcocki as a mixed-feeder from open habitats (Fig. 6a) . Concerning Dinohippus, some authors (e.g. MacFadden et al., 1999 ) have estimated a mixed-feeding niche for it (i.e. < 90% grass in diet); however, given the limit used in this study for discriminating between mixed feeders and grazers (75% grass instead of 90% grass), algorithms 4.1 and 4.2 indicate a grazing niche for D. leidyanus, which suggests that the percentage of grass ingested comprised between 75% and 90%. This is further indicated by the fact that, although the projections of D. leidyanus on these algorithms unequivocally classify it as a grazer, the values obtained are closer to those of modern mixed-feeders than the corresponding ones for equids (Fig. 6) , thus suggesting that Dinohippus incorporated more browse in its diet than extant horses. In A. scotti, algorithm 2.1 classi®es it as a species from closed habitats (i.e. as a browser or a mixed-feeder dwelling in forested habitats , Fig. 5) ; some of the variables included in algorithm 2.2 were not available for A. scotti. Thus this animal is potentially misclassi®ed with respect to its habitat preference. However, note that a similar problem was apparent with the openhabitat cervids, as previously discussed. As with the related cervids, if Aletomeryx was indeed an open habitat species, then it would have been unusual among its family. In instances such as this, additional information from limb proportions (e.g. Scott, 1985 Scott, , 1987 would probably be useful.
Discriminant functions for simultaneous comparison of all feeding groups could not be applied to these extinct ungulates because many morphological variables included in them were not available.
CONCLUSIONS
The results obtained in this study indicate that the characterization of aspects of craniodental structure, which are closely related to feeding behaviour in ungulates, is better addressed following a multivariate approach than with the previously employed univariate methods. Such characterization should allow for con®dence in the determination of the feeding adaptations of extinct ungulates, as we can demonstrate correct assignment for living species of known diet not used for obtaining the algorithms.
A further feature of these analyses is that the discriminant functions developed for one pairwise comparison of feeding groups can also be used to assign species from a third group. In this case the species in the third group will be assigned to whichever feeding group in the original pairwise comparison is most similar to its own, which indicates the robustness of these algorithms. For example, frugivorous species (in which grass constitutes < 25% of diet) were not used for obtaining the discriminant function between browsers and mixed feeders from closed habitats (algorithm 6.1), but they all were classi®ed as browsers with this algorithm (Fig. 7) . Similarly, algorithm 7.1 allows the discrimination of general browsers from high-level browsers; this function also classi®es as general browsers those frugivorous species and mixed-feeders from closed habitats, both of which feed at low levels, and no species is assigned to the group of high-level browsers (Fig. 7b) . Finally, although fresh-grass grazers consume > 75% of grass, fresh grass is a less abrasive resource than regular grass; all freshgrass grazing ungulates are placed by the discriminant function between general grazers and mixed-feeders from open habitats (algorithm 4.1), in an intermediate position between both groups which re¯ects their intermediate feeding ecology (Fig. 6a) .
However, problems exist with the trophic characterization of cervids. This is probably due to the homogeneity of feeding habits shown by members of this family, since most of them are browsers or mixedfeeders from closed habitats. Many of the misclassi®ed forms are from South America, representing a relatively recent (< 2 Ma) adaptive radiation, where morphology may not have had time to catch up with novel feeding behaviour such as grazing or frugivory. Thus, a methodological conclusion is that, in spite of the great ability of canonical discriminant analysis for identifying complex craniodental patterns indicative of feeding behaviour in ungulates, the groups that are the object of discrimination must be heterogeneous in their trophic diversity.
These algorithms will presumably have the same predictive properties over extinct species as with modern ones. Although the Ungulata, as currently de®ned, represents a monophyletic clade (although there is some dispute over this from molecular data), given the morphological and taxonomic diversity of living hoofed mammals it is to be expected that this set of discriminant functions will be applicable over a large number of fossil taxa. Preliminary results have been obtained on the probable diets of three extinct species, the equid Dinohippus leidyanus, the camelid Stenomylus hitchcocki, and the dromomerycid Aletomeryx scotti. Dinohippus leidyanus and S. hitchcocki are classi®ed by algorithm 1.1 as herbivores, and by algorithms 2.1 and 2.2 as species dwelling in open habitats. Concerning their feeding adaptations, algorithm 4.1 identi®es D. leidyanus as a general grazer and S. hitchcocki as a mixed-feeder. Finally, algorithm 2.1 classi®es A. scotti as a mixed feeding or browsing ungulate from closed habitats.
There is, however, a major problem with the multivariate approach proposed here for characterizing the ecomorphological adaptations of extinct taxa: the skeletal remains of ungulates used to be very fragmentary in many fossil assemblages (e.g. those collected by hyaenids, due to the bone-cracking activities of these carnivores; see Palmqvist, Martã Ânez & Arribas, 1996; Arribas & Palmqvist, 1998; Palmqvist & Arribas, 2001) and only small pieces of the skull and mandible are available. In such cases it is impossible to measure all the morphological variables included in the discriminant functions, and the only possibility would be to look at individual variables.
Finally, a second problem of this methodology is the 
